The potential energy surface in Robinson's tropinone synthesis was calculated using molecular modeling tools. The reaction mechanism was studied, and the stability of the accepted reactive species was evaluated. The findings indicated the amino alcohol intermediate had greater stability than the other proposed intermediates. It was also found that in the presence of dicarboxylic acetone, the activation energy decreased by 69.30 kcal/mol compared to that of the reaction in the presence of acetone.
INTRODUCTION
There is an increasing interest in the synthesis and biosynthesis of alkaloids derived from tropane because of the biological importance of many of these compounds. Many synthetic studies have focused on cocaine analogues derived from tropinone 1 . The tropinone synthesis reported by Robinson 2 is highlighted by the simplicity of the used reagents and its biomimetic. Robinson's tropinone synthesis has become a classic organic synthesis, in which a simple condensation reaction between succinaldehyde, methylamine, and acetone takes place (Fig. 1) 
.
The typical experimental procedure involves two steps: the aldehyde and the amine ORIENTAL JOURNAL OF CHEMISTRY www.orientjchem.org react to form an imine intermediate, which in turn reacts with the substrate containing an acidic hydrogen in the second step. This stepwise procedure shows benefits in terms of better yields and improved reaction rates compared with the conventional Mannich reactions 4 and also allows for a better analysis of the reaction mechanism (see Fig. 2 ).
The reported reaction yield by Robinson was low because of the low acidity of the acetone. The use of calcium dicarboxylic acetone or ethyl dicarboxylic acetone in place of acetone under acidic conditions improved the yield to up to 40%. Schöpf et al. 5 obtained 70-85% yields by conducting the reaction at pH 7 with dicarboxylic acetone.
The reaction mechanism proposed for Robinson's synthesis is similar to that of an aldol condensation (Fig. 3) . Two consecutive Mannich reactions take place: one intermolecular and the other intramolecular. Three types of intermediates (imine, iminium cation, and amino alcohol) have been proposed for Mannich reactions. The first step involves the nucleophilic addition of methylamine to the aldehyde and loss of water to generate the imine intermediate (I) . Intramolecular addition of I to an aldehyde closes the ring, producing the iminium cation (II). An alternative intermediate is an amino alcohol (III) 6 , which in acidic conditions produces II. Then, the intermolecular Mannich reaction between II and the enolate of dicarboxylic acetone (IV) takes place. Before ring closing could occur, enolate and imine form by a new pathway that involves water loss. Finally, the loss of the two carboxylic groups Step 1
Step 2 carried out a theoretical study of the Robinson's reaction mechanism in the absence of chiral media.
In their calculations based on HF/6-31G*, the intermolecular Mannich reaction between II and the enolate of dicarboxylic acetone (IV) was studied, different transition states of the mechanism at this stage were found (Fig. 3 ).
Thermodynamic and molecular properties such as heats of formation (ΔH f ), entropies (S) and Gibbs energies of formation (ΔG f ) are invaluable parameters to study reactions mechanisms but theoretical calculations of these values usually demands the use of highly parameterized quantum methods. Pankratov 9 has demonstrated that semiempirical methods reproduce correctly the trends of thermodynamic and molecular properties in series of organic species including bridgehead bicyclo-octanes.
In this paper, we introduce a semiempirical study of the complete potential energy surface for the synthesis of tropinone in the gas phase. This is for the first time that the stability of the three most common intermediates (I, II, and III) are studied.
Computational details
The potential energy surface of the synthesis of tropinone was calculated using the PM3 semi-empirical method. The minimum energy conformer and transition states in the gas phase were characterized by frequency analysis.
The equations used for the calculation of the equilibrium constant K p are as follows:
RESULTS AND DISCUSSION
The energy profile section determined by Mondal et al. 9 is in full agreement with the findings that we obtained with the semi-empirical method PM3 (Figure 4 ).
The activation energies for the three transition states TS-1, TS-2, and TS-3 are 18.81, 38.33, and 15.08 kcal/mol, respectively, and the energy of the global reaction is 15.43 kcal/mol. We have used a single water molecule as catalyst in TS-2; however more than one molecule may be involved in the tautomerisation.
C-C bond formation usually takes place through transition states with eclipsed conformations; each transition state can exist in its enantiomeric form being of the same energy in an achiral environment. The presence of an asymmetric and prochiral centre in the iminium cation (II) produces two diastereotopic faces for the attack of the dicarboxylic acetone, which also possesses two enantiotopic faces. Therefore, four diastereomeric transition states will be generated for each R and S configurations of the iminium cation. However, as our goal is not to study the stereoselectivity, we work with only one isomeric conformation, i.e., the transition states were generated based on the configuration of the S iminium cation and nucleophilic attack of the si face of the enolate to the re face of the iminium cation. The energy profile for the overall process is shown in Figure 4 , and the optimized structures of the transition states are shown in Figure 5 .
According to our results, among the three proposed intermediates for the first Mannich reaction-an imine (I), an iminium cation (II), and the amino alcohol (III)-the most stable is the amino alcohol intermediate (III) (see Table 1 ). Our thermodynamic study in the gas phase reveals that the formation of the more stable intermediate, promotes the loss of a water molecule in acidic media to generate the iminium cation without the formation of (I) (see Kp, Table 1 ). The second stage of tropinone synthesis starts from the iminium cation which is a spontaneous process with a favourable global equilibrium constant of 5.72×10 19 .
In our work, the transition state conformations remained largely unaffected by the presence of the carboxylic groups which is similar to the result reported by Mondal et al. 8 However, in the absence of the carboxylic groups, the reaction proceeds with activation energies of 88.11 kcal/mol for TS-1, 44.88 kcal/mol for TS-2, and 10.06 kcal/ mol for TS-3. The energy of the overall reaction is 91.44 kcal/mol (Figure 6 ). Thus, it is clear that the carboxylic acetone favours the overall reaction by 69.30 kcal/mol for TS-1. The greater total activation energy for TS-2 when acetone is used is also notable (Fig. 4 and 6 ). 
CONCLUSIONS
The Mannich reaction in the synthesis of tropinone and its potential energy surface has been evaluated using the PM3 semi-empirical calculation method with satisfactory results. The ratedetermining step in the reaction is the enolisation of intermediate P-01 through transition state TS-2. Increasing the acidity of the acetone reduces considerably the activation energy of the rate determining step. Among the most commonly proposed intermediates (I, II, and III) for the Mannich reaction it was found that the formation of the amino alcohol intermediate (III) is favoured over the imine intermediate (I).
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